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Substrate binding is required for assembly of the active
conformation of the catalytic site in Ntn amidotransferases:
evidence from the 1.8 Å crystal structure of the glutaminase
domain of glucosamine 6-phosphate synthase
Michail N Isupov1,2, Galya Obmolova2, Susanna Butterworth2, Marie-Ange
Badet-Denisot3, Bernard Badet3, Igor Polikarpov4, Jennifer A Littlechild1
and Alexei Teplyakov2*
Background:  Amidotransferases use the amide nitrogen of glutamine in a
number of important biosynthetic reactions. They are composed of a glutaminase
domain, which catalyzes the hydrolysis of glutamine to glutamate and ammonia,
and a synthetase domain, catalyzing amination of the substrate. To gain insight
into the mechanism of nitrogen transfer, we examined the structure of the
glutaminase domain of glucosamine 6-phosphate synthase (GLMS).
Results: The crystal structures of the enzyme complexed with glutamate and
with a competitive inhibitor, Glu-hydroxamate, have been determined to 1.8 Å
resolution. The protein fold has structural homology to other members of the
superfamily of N-terminal nucleophile (Ntn) hydrolases, being a sandwich of
antiparallel b sheets surrounded by two layers of a helices.
Conclusions:  The structural homology between the glutaminase domain of
GLMS and that of PRPP amidotransferase (the only other Ntn amidotransferase
whose structure is known) indicates that they may have diverged from a common
ancestor. Cys1 is the catalytic nucleophile in GLMS, and the nucleophilic
character of its thiol group appears to be increased through general base
activation by its own a-amino group. Cys1 can adopt two conformations, one
active and one inactive; glutamine binding locks the residue in a predetermined
conformation. We propose that when a nitrogen acceptor is present Cys1 is
kept in the active conformation, explaining the phenomenon of substrate-induced
activation of the enzyme, and that Arg26 is central in this coupling.
Introduction
Glutamine is the source for most of the nitrogen in biosyn-
thetic pathways. The enzymes responsible for the utiliza-
tion of the amide nitrogen of glutamine are known as
amidotransferases: they all catalyze the transfer of nitrogen
from glutamine to a variety of substrates including amino
acids, nucleotides and carbohydrates [1]. Amidotrans-
ferases consist of a glutaminase domain, which catalyzes
hydrolysis of glutamine to glutamate and ammonia, and a
synthetase (or synthase) domain, which catalyzes amina-
tion of a particular substrate. Sixteen amidotransferases
have been described to date and these have been divided
into two families depending on the type of the glutami-
nase domain. Those having a Cys–His–Glu catalytic triad,
similar to cysteine and serine proteinases, are called the
triad amidotransferases (formerly G-type). The crystal
structure of GMP synthetase [2] is a prototype for this
family of enzymes. Amidotransferases that are character-
ized by a conserved N-terminal catalytic cysteine form the
Ntn (N-terminal nucleophile) family (formerly F-type).
This family includes phosphoribosyl pyrophosphate
(PRPP) amidotransferase (PURF) [3], glucosamine 6-
phosphate synthase (GLMS) [4], asparagine synthetase
(ASNB) [5] and glutamate synthase [6]: members share
45–50% sequence similarity (with conserved replace-
ments) in their glutaminase domains. Sequence alignment
of these proteins has led to a hypothesis of a Cys–His–Asp
catalytic triad in this family of amidotransferases [7]. Evi-
dence, from chemical modification and site-directed muta-
genesis, has been presented both in favour of this
hypothesis [7,8] and against it [9]. The three-dimensional
(3D) structure of Bacillus subtilis PURF determined at 3 Å
resolution [10] was the first, and up to now the only,
structure of an Ntn amidotransferase. Contrary to expecta-
tion, no amino acid able to participate in acid–base cataly-
sis was detected close to the active cysteine. Instead, the
N-terminal a-amino group of Cys1 was suggested to serve
as a general base catalyst [11].
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In order to clarify the conflicting reports and to elucidate
the general principles of catalysis by Ntn amidotransferases,
we pursued the X-ray study of the glutaminase domain of
E. coli GLMS. This domain, encompassing residues 1–240,
can be obtained by limited chymotrypsin digestion and
shows about 7% of the glutaminase activity of GLMS [12].
The gene encoding the domain has been cloned and the
protein overexpressed, purified and crystallized [13].
Here, we present the crystal structures of the glutaminase
domain of GLMS in complex with the reaction product,
glutamate, and with a competitive inhibitor, Glu-hydroxa-
mate, both determined at 1.8 Å resolution. The structures
show overall similarity to the glutaminase domain of
PURF, indicating an evolutionary relationship between
these enzymes and supporting the idea of single amino acid
catalysis as a common feature of Ntn amidotransferases.
The observed binding of glutamate and Glu-hydroxamate
allows us to propose a detailed mechanism of glutamine
hydrolysis by this family of enzymes. Residues that might
be involved in coupling the glutaminase and synthase half-
reactions are discussed on the basis of the available struc-
tural and site-directed mutagenesis data.
Results and discussion
Quality of the model
The structure of the glutaminase domain of GLMS has
been refined to an R factor of 17.9% for all data in the range
10–1.8 Å. The refinement statistics are given in Table 1.
There are four crystallographically independent molecules
in the asymmetric unit. From the expected 240 residues,
the final electron density allowed modelling of 238 residues
in molecules A and C, and 239 residues in molecules B and
D. The overall G factor calculated by PROCHECK [14] as
a measure of the stereochemical quality of the model is
–0.05. This is within the limits expected for a structure
refined at such a resolution. One residue in each molecule,
Glu91, has a forbidden combination of main-chain torsion
angles (φ=59.8, ψ=–112.4°). Glu91 is involved in a b-turn of
type ea [15] at the end of a b hairpin. Electron density for
this residue is clear and the B factors are low. 93% of the
non-glycine residues fall in the most favoured regions as
defined in PROCHECK. None of these residues are in the
left-handed helical conformation. The root mean square
(rms) deviation of peptide units from planarity is 2.9°. A
few peptide units (7–8, 47–48, 71–72, 95–96, 203–204) show
systematic distortion of about 10° in all four molecules.
Pro87 is in the cis-conformation.
Superposition of the crystallographically independent
molecules gives an upper estimate of the accuracy in
determining the atomic positions. Molecules related by a
non-crystallographic twofold axis (A and C, B and D)
could be superimposed with an rms difference of 0.06 Å,
for 892 main chain atoms, whereas for the other pairs this
value was 0.17 Å. Residues 22–28, 113–115 and 234–238
were excluded from this comparison because they have
different conformations in the four molecules.
Structure description and comparison with related proteins
The glutaminase domain of GLMS has a four-layer struc-
ture with two antiparallel b sheets sandwiched between
layers of a helices (Fig. 1). Although the central part of the
b sheets is unusually flat, the wings are highly twisted so
that the last b strands are perpendicular to the first. The
C-terminal b strands, b14 and b15, can be described as one
b strand that closes the structure as a b barrel. The loops
connecting b strands and a helices are relatively short.
Many of them (13 out of 18) contain glycine residues that
adopt a conformation that would be forbidden for other
amino acids. Not surprisingly, these glycines are conserved
in all Ntn amidotransferases. The interface between the b
sheets is formed by tightly packed hydrophobic side
chains. Hydrophobic interactions also dominate in the con-
tacts between b sheets and a helices and between a
helices. The structure is further stabilized by a cation
bound between the loops connecting a5–b7 and b8–b9
(Fig. 1). The cation site was identified by taking into
account the character of the ligands (all five are oxygens)
and distances to the ligands that lie in the range 2.2–2.6 Å.
The cation was refined as Na+ as it was present in the crys-
tallization solution at high concentration.
With exception of the C-terminal b strands, b14 and b15,
which are missing in PURF, the structures of the glutami-
nase domains of GLMS and PURF are very similar.
However, their superposition based on all 219 common
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Table 1
Refinement statistics for the complexes with glutamate and
Glu-hydroxamate.
Glutamate Glu-hydroxamate
(crystal form I)
Resolution range (Å) 10–1.8 10–1.85
Rcryst = Σ||Fo|–|Fc||/Σ|Fo| (%) 17.9 18.3
Rcryst (F>3σ) (%) 16.5 16.8
R-free (%) 25.4 —
Number of atoms
protein 7390 7390
inhibitor 40 44
solvent 770 667
Average B factors (Å2)
protein 21.7 22.0
solvent 39.9 36.5
Rms deviations
bond distances (Å) 0.014 0.014
bond angles (°) 1.5 1.5
peptide angles (°) 2.9 3.2
B-factor correlation (Å2)
main chain 3.2 3.1
side chains 7.9 7.4
Ca atoms results in a strikingly large rms deviation of
2.15 Å. A number of chain fragments deviate by more than
2 Å, as shown in Fig. 2. These deviations are in loops con-
necting secondary structure elements. In fact, almost all of
the surface loops show considerable deviations between
the two structures. The largest difference of 10 Å is
observed at the loop 74–83 which closes the active site in
GLMS and adopts an open conformation in PURF
(Fig. 3). From the two b sheets, 70 Ca atoms can be
superimposed with an rms deviation of only 0.93 Å. The
observed similarity of the 3D structures of the glutami-
nase domains of GLMS and PURF, taken together with
the obvious sequence homology, suggests their divergent
evolution. This implies the existence of a glutaminase
prototype encoded by a common ancestral gene which was
then included in both purF and glmS and probably in a
number of other genes of the Ntn family.
The fold of the glutaminase domain is characteristic of the
recently discovered superfamily of Ntn hydrolases [16].
Moreover, the catalytic mechanism of glutamine hydrolysis
discussed below is also similar to that of other Ntn
hydrolases although the catalytic amino acid varies: it is
cysteine in amidotransferases, serine in penicillin acylase,
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Figure 1
Chain tracing of the glutaminase domain of GLMS. (a) Ribbon
representation produced with MOLSCRIPT [29]. The ball-and-stick
model of the reaction product, glutamate, indicates the active site. a
helices are in green and b strands are in red. The Na2+ ion is shown in
cyan. (b) Stereoview of the Ca backbone in approximately the same
orientation as (a).
Figure 2
Deviation of Ca atoms between the glutaminase domains of GLMS
and PURF. Residue numbers are those of GLMS.
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Figure 3
View of the chain fold (orange) at the active site of GLMS. The
superimposed PURF coils are shown in cyan for loops 25–30 and
73–88. Residues of significant conformational flexibility are shown as
ball-and-stick models and are shown in green for GLMS, and blue for
PURF. The reaction product, glutamate, is shown as it is observed in
the crystal structure of GLMS. Standard atom colouring is used.
and threonine in the 20S proteasome and aspartyl-
glucosaminidase. These findings provide an argument in
favour of an evolutionary relationship between Ntn amido-
transferases and other Ntn hydrolases. The mechanism of
activation of the enzymes — by autocatalytic cleavage to
create an N-terminal nucleophile — which was thought of
as another common feature of these enzymes, could proba-
bly arise more than once during evolution [17]. This point
of view is supported by the fact that in contrast to other
members of this superfamily, the active form of GLMS is
produced by the removal of the N-terminal formylmethio-
nine and does not require any additional post-translational
processing.
Substrate binding
The glutaminase domain of GLMS was crystallized in the
presence of 100 mM glutamine. The crystal structure
reveals electron density for the ligand at the bottom of a
deep pocket near Cys1 (Fig. 4). The binding site is formed
mainly by the loops connecting b-strands 4 and 5, and
b-strand 6 and helix 3. The a-amino and a-carboxy groups
of the ligand form numerous hydrogen bonds to the protein
and these are shown in Figure 5. The key residues of sub-
strate recognition are Arg73 and Asp123. Their orientation
is maintained through hydrogen bonds to the main-chain
carbonyls 77, 78 and 79 and to the amino group of Ala101.
The binding pocket is covered by residues 73 to 79 which
form a lid so that the main-chain amino groups of Thr76
and His77 surround a-COO–, while the side chain of Thr76
bridges a-carboxy and a-amino groups of the substrate.
The other end of the ligand points towards the catalytic
site where it forms hydrogen bonds with the main-chain
amino groups of Cys1 (2.69 Å), Trp74 (2.91 Å) and Gly99
(2.93 Å). As all of these groups donate protons, it was con-
cluded that the bound ligand is the product, glutamate,
rather than the substrate, glutamine. This conclusion is
also supported by nearly equal values of the B factors for
the two oxygens of the g-carboxyl (if the ligand is refined
as glutamine, the B factors for the nitrogen drop by 5 Å2 in
all four independent molecules). The binding mode of the
substrate, glutamine, would be similar to that of the
product with a small but significant difference: the amido
group of glutamine would bind less deeply in the pocket,
forming a hydrogen bond to the carbonyl of Trp74 rather
than to its main chain amino group. Such a hydrogen bond
is observed in the Glu-hydroxamate complex (Fig. 4) in
which the distance between NE2 of the inhibitor and O
Trp74 is 2.92 Å. The relative location, with respect to the
protein, of the glutamate and Glu-hydroxamate in the
corresponding complexes differs by 0.5–0.6 Å for the side-
chain atoms and by 0.1–0.2 Å for the rest of the molecule.
The expected location of the substrate with the amide
nitrogen near the carbonyl of Trp74 would favour the
formation of a tetrahedral intermediate due to stabilizing
interactions NE2...O Trp74 and OE1...N Gly99.
Comparison of the structures of GLMS and PURF reveals
conformational flexibility of the loops comprising residues
73–79 and 25–29, which occur at the active site (Fig. 3).
The ‘open’ conformation of the former (lid) loop is
observed in PURF when no ligand is present at the gluta-
mine site. The loop is disordered, as indicated by high
atomic B factors. The ‘closed’ conformation of the lid loop
is observed in the structures of GLMS complexes, where
the loop is well fixed. The coordinate difference between
the two states is about 10 Å, estimated by that for Thr76
located at the top of the loop. We suggest that the lid loop
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Figure 4
(3Fo–2Fc) electron density contoured at 1.5σ
at the active site of the glutaminase domain.
(a) The complex with glutamate; (b) the
complex with Glu-hydroxamate.
provides an access to the binding site and covers the site
upon binding of a substrate. The present structure shows
no other way to open the active site than to move the lid
loop away. The ligands, glutamate and Glu-hydroxamate,
bound to the protein, cause active-site closure. That is
why we do not observe the open conformation of the lid
loop although the ability to adopt such a conformation is
suggested not only by the lack of crystal lattice constraints
but also by the successful replacement of glutamate by a
competitive inhibitor Glu-hydroxamate when soaking
native crystals.
One might argue that the missing synthase domain could
affect this ‘gate’ mechanism in some way. In fact, the
PURF structure shows that the glutamine site is
sequestered from bulk solvent by the other domain so
that a relative movement of the domains is required to
open the site. There are, however, two arguments in
support of our hypothesis. Firstly, the crystal structure of
the DON(6-diazo-5-oxonorleucine)-inhibited PURF
shows the lid loop in a closed conformation which is very
similar to that observed in GLMS [18]. Secondly, Asp29
in GLMS and the equivalent residue, Glu29, in PURF are
important for glutaminase activity, as was shown by site-
directed mutagenesis [7,19]. Replacement of Asp29 by
asparagine in GLMS results on the 170-fold increase in
Km (Table 2). This residue is located on the outer side of
the lid loop and could not influence glutamine binding if
the lid loop remained in the open conformation. Through
the hydrogen bonds N Asp29...O Arg73 and OD2
Asp29...N Ala75, it orients and polarizes the peptide
74–75, which binds the ω-amino group of glutamine. A
similar role can be attributed to the equivalent
asparagine/glutamate residue conserved in the sequences
of all Ntn amidotransferases. The fact that its replace-
ment by site-directed mutagenesis results in a dramatic
loss of activity was initially misinterpreted as evidence of
its catalytic role [7].
The described interactions at the glutamine-binding site
are likely to be conserved in the Ntn family of amido-
transferases as they involve mainly the main-chain atoms.
The residues Arg73 and Asp123, which anchor the
charged groups of the substrate, are conserved in all
sequences. The invariant glycine residues 27, 78 and 99
provide the polypeptide chains with the flexibility
required for the induced-fit rearrangement: all three have
conformational angles that would be impossible for other
amino acids.
Mechanism of glutamine hydrolysis
Experiments employing chemical modification and site-
directed mutagenesis have provided evidence for a
catalytic role of the N-terminal cysteine in Ntn amidotrans-
ferases [1]. In an attempt to identify other amino acids
essential for catalysis, invariant histidines and aspartates
have been mutated in ASNB [9] and GLMS (M-AB-D,
BB, unpublished results). The results indicated that these
residues were not involved in nitrogen transfer. The crystal
structure of B. subtilis PURF [10] has also failed to show
any acid/base partners of the catalytic cysteine.
The crystal structure of the glutaminase domain of GLMS
indicates no residues that could enhance the nucleophilic
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Figure 5
Active site of the glutaminase domain of
GLMS with the bound product, glutamate,
shown in outline. Hydrogen bonds are
indicated by dashed lines. The loop 73–78 is
in the closed conformation. Cys1 and Asn98
are in the inactive conformation.
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character of Cys1, except its own a-amino group. This
finding supports the idea of single amino acid catalysis
being a common feature of Ntn amidotransferases [11].
The structure of the enzyme in complex with the reaction
product allows us to formulate a detailed mechanism of
glutamine hydrolysis by amidotransferases. This mecha-
nism assumes the following conformational changes at the
active site with respect to the structure observed in the
crystal complex. Firstly, the thiol group of Cys1, which
points away from the binding pocket in the present struc-
ture, should switch to the active conformation by rotation
of 180° around the Ca–C bond and 120° around the
Ca–Cb bond. This would bring the sulphur atom into a
position in which it could attack the amide carbon of
glutamine. Such a conformation is observed in PURF in
the absence of a substrate (Fig. 3). Secondly, the side
chain of Asn98, which is hydrogen bonded to the a-amino
group of Cys1 in the GLMS structure, has to rotate by
about 100° to form, together with Gly99, an oxyanion hole
which is thought to stabilize a tetrahedral intermediate in
a manner known for cysteine and serine proteinases. The
amide oxygen of a substrate is then hydrogen bonded to
the side chain amino group of Asn98 and the amino group
of Gly99. Both of these residues are conserved in Ntn
amidotransferases.
The proposed mechanism is as follows. The N-terminal
a-amino group of Cys1 serves as a general base catalyst
and abstracts a proton from the thiol group, probably
through a bridging water molecule (Fig. 6). The activated
nucleophile attacks the amide carbon of a substrate to
form a tetrahedral intermediate that is stabilized in the
oxyanion hole. The intermediate then collapses to form a
g-glutamylthioester and to release ammonia which may
receive a proton from the bridging water. Deacylation is
accomplished by a nucleophilic attack by another water
molecule that is activated through the same general base
mechanism. Stereochemical considerations rule out the
possibility of a direct nucleophilic attack by the bridging
water molecule as the attacking water should be close to
the position of the leaving amino group of the substrate
which is too far away from the N-terminal amino group.
We further propose that in the absence of a nitrogen accep-
tor, as well as in a separated glutaminase domain, Cys1 can
be in either of two conformations, ‘active’ with the thiol
group close to the amide of glutamine, or ‘inactive’ with
the thiol group pointing out of the pocket. The conforma-
tion of Cys1 is not of prime importance for substrate
binding, as indicated by the observation that glutamine
inhibits ammonia-dependent activity of the C1S and C1A
mutants of ASNB [9]. When glutamine binds to the
enzyme, the lid loop closes the active site. The conforma-
tion of the loop and particularly of Arg73, which anchors
the substrate, determines the position of the peptide 72–73
which in turn prohibits rotation of Cys1 and fixes it in one
of the two conformations. If Cys1 is in the active conforma-
tion, the reaction proceeds to the formation of the tetrahe-
dral intermediate. No hydrolysis occurs if Cys1 is fixed in
the inactive conformation. The requirement for Cys1 to
adopt the active conformation prior to substrate binding is
also supported by the fact that a mutant enzyme with an
additional glycine at the N terminus shows significant
hydrolytic activity (Table 2). Modelling of this residue in
the crystal structure indicates that the free amino group of
Gly0 can serve as a general base instead of the amino group
of Cys1. Rotation of Cys1 into the inactive conformation,
which is still possible in the free enzyme, would bring Gly0
to the active centre thus preventing substrate binding. A
significant number of the mutant molecules with the Cys1
in the inactive conformation (and hence with Gly0 in the
glutamine binding pocket) may explain the 32-fold
increase in Km observed with respect to the wild-type
enzyme (Table 2).
The conformational flexibility of Cys1 gives a clue to
understanding why glutamate, the reaction product, is an
inhibitor of the glutaminase domain (Ki = 15 mM; M-AB-D,
BB, unpublished results) and explains the observations
made in the crystalline complexes. Those molecules of the
enzyme that had Cys1 in the inactive conformation bind
glutamate with high affinity due to favourable interactions
of the g-carboxyl with the amino groups of Cys1 and Trp74.
On the other hand, unfavourable interaction of glutamate
with the thiol group of Cys1 in its active conformation
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Table 2
Kinetic parameters of GLMS in the glutaminase reaction.
without Fru-6P with Fru-6P
Enzyme Kcat Km Kcat/Km Kcat Km Kcat/Km Reference
(min–1) (mM) (M–1s–1) (min–1) (mM) (M–1s–1)
Intact wild type 7 0.05 2300 931 0.2 77600 *
Separated domain 3.1 14.8 3 *
D29N mutant 11.3 8.7 22 134 3.4 660 [19]
Gly0 mutant 1.4 1.6 14 36 0.9 670 *
*M-AB-D, BB, unpublished results.
precludes formation of the stable complex. All of the gluta-
mine in the crystallization solution would be slowly but
irreversibly converted to glutamate. The excess of gluta-
mate in solution would favour binding to the inactive form
of the enzyme so that only the inhibited form of the
enzyme is observed in the crystal.
Mechanism of substrate-induced activation of the enzyme
A common feature of Ntn amidotransferases is the sub-
stantial increase in the rate of glutamine hydrolysis in the
presence of the second substrate. Binding of fructose 6-
phosphate to GLMS (Table 2) and PRPP to PURF [20]
enhances their glutaminase activity more than 100-fold.
There is therefore a certain mechanism of substrate-
induced activation of the enzyme that couples the two
half-reactions. We propose that the key point of this
mechanism is the conformational flexibility of the cat-
alytic Cys1 which is kept in the active conformation when
a nitrogen acceptor is bound to the synthase domain. This
would ensure that every glutamine molecule bound to the
enzyme was hydrolyzed. The relay system between the
two binding sites is likely to involve the invariant residue
Arg26. Binding of an acceptor substrate would cause
rearrangement of the 25–29 loop, as is observed when
comparing the GLMS and PURF structures. The mobil-
ity of this loop is evident from the alternative conforma-
tions observed in the crystallographically independent
molecules A and B in the present structure (the loop is not
involved in lattice contacts). The invariant residue Gly27
provides necessary flexibility to the loop: it has a ‘forbid-
den’ combination of torsion angles in all observed confor-
mations. As a result of this rearrangement, Arg26 would
move closer to the glutamine site and promote rotation of
Cys1 into the active conformation by expelling the thiol
group from a small pocket formed by the loop residues
25–29. A hydrogen bond between the Arg26 carbonyl and
the N-terminal amino group would stabilize the active
conformation of Cys1. Arg26 may also orient Asn98 in the
oxyanion hole by hydrogen bonding to its side-chain
oxygen, as has been suggested previously [11]. The
equivalent residue, Arg30, was proposed to mediate com-
munication between the synthetase and glutaminase
domains of ASNB, as ATP-dependent stimulation of the
glutaminase activity was completely abolished when
Arg30 was replaced by other amino acids [21]. An impor-
tant role of Arg26 was also inferred from its mutation to
lysine in PURF which resulted in the complete loss of
glutamine-dependent activity [7]. The interaction of
Arg26 with Asp239, as observed in the PURF structure,
suggests that this residue, as well as Tyr242, which is
directly involved in PRPP binding, is likely to participate
in the relay system. Elucidation of the detailed mecha-
nism must await more structural and mutagenesis data.
Further studies are also needed to prove whether Cys1
retains conformational flexibility in the presence of the
synthase domain.
The proposed mechanism of substrate-induced activation
of the enzyme is probably applicable to other (though not
necessarily to all) Ntn amidotransferases, given the con-
servation of the key residues. Due to this mechanism,
glutamine hydrolysis is grossly depressed until the syn-
thetic reaction can proceed. This effect saves glutamine
in the cell and may be of particular importance for bacter-
ial glucosamine 6-phosphate synthases which possess no
feedback inhibition.
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Figure 6
Proposed catalytic mechanism of glutamine
hydrolysis by amidotransferases. Residue
numbers are those of GLMS. The
nucleophilicity of Cys1 is enhanced by its own
free a-amino group. This interaction is
mediated by a bridging water molecule which
serves as a virtual base. Deacylation involves
another water molecule which is activated
through the same mechanism. Residues
Asn98 and Gly99 form the oxyanion hole for
the tetrahedral intermediates.
Biological implications
Glutamine amidotransferases utilize the amide nitrogen
of glutamine in the biosynthesis of amino acids,
nucleotides and amino sugars. They consist of a syn-
thetase (or synthase) domain, which binds the nitrogen
acceptor, and a glutaminase domain, which catalyzes
hydrolysis of glutamine to glutamate and ammonia. The
glutaminase domain is highly conserved within each of
the two families of amidotransferases. Given the central
position occupied by these enzymes in cellular metabo-
lism, elucidation of the mechanism of nitrogen transfer
may have significant implications for the discovery of
new therapeutic agents which specifically inhibit the
catalytic activity of the microbial enzymes.
Here we describe the crystal structure of the glutami-
nase domain of glucosamine 6-phosphate synthase
(GLMS) from E. coli, a representative of the Ntn
(N-terminal nucleophile) family of amidotransferases
that are characterized by a conserved N-terminal cat-
alytic cysteine. The core of the domain is formed by two
antiparallel b sheets sandwiched between layers of a
helices. The active site is located in a narrow pocket
between the edges of the b sheets. The structures of the
complexes with the reaction product, glutamate, and a
competitive inhibitor, Glu-hydroxamate, reveal amino-
acid residues involved in substrate binding and catalysis.
The invariant residues Arg73 and Asp123 play a key
role in substrate recognition, anchoring the a-COO– and
a-NH3+ of glutamine. Substrate binding is probably
accompanied by an induced-fit closure of the active
centre that involves main-chain shifts of up to 10 Å.
The glutaminase domains of GLMS and phosphoribosyl
pyrophosphate (PRPP) amidotransferase, another Ntn
amidotransferase, show overall structural similarity and
there is obvious sequence homology between the two
proteins. This implies their divergent evolution and
supports the idea of single amino acid catalysis as a
common feature of this family of enzymes. The proposed
mechanism of glutamine hydrolysis assumes the general
base activation of the thiol group of the N-terminal
cysteine by its own a-amino group; nucleophilic attack
on the amide carbon of a substrate; stabilization of a
tetrahedral intermediate in the oxyanion hole; formation
of a g-glutamylthioester through general acid catalysis;
and deacylation of the enzyme through the same general
base/acid mechanism.
Binding of a substrate at the nitrogen acceptor site sig-
nificantly increases the rate of glutamine hydrolysis by
Ntn amidotransferases. We propose that the central
element of the mechanism that couples the glutaminase
and synthase half-reactions is the invariant residue
Arg26. Conformational changes at the acceptor site are
transferred to the glutamine site through Arg26 which
locks the catalytic Cys1 in the active conformation, so
that every glutamine molecule that binds to the enzyme
is hydrolyzed. At low concentrations of the nitrogen
acceptor, glutamine hydrolysis is grossly depressed and
this may serve to save glutamine in the cell.
Ntn amidotransferases belong to the recently identified
family of Ntn hydrolases which have an N-terminal
nucleophile and a common polypeptide fold. Structure–
function studies on GLMS support the common catalytic
mechanism for this family of enzymes and suggest an
evolutionary relationship between these proteins.
Materials and methods
Crystallization and data collection
The glutaminase domain of GLMS was overexpressed in Escherichia
coli, purified to homogeneity and crystallized as described [13]. Native
crystals were grown in the presence of 100 mM glutamine, from 1 M
Na acetate solution in 0.1 M cacodylate buffer, pH 6.5, with 20% PEG
4000. The point group was determined as P222 with cell dimensions
a=70.4, b=82.5, c=86.1 Å and with two molecules in the asymmetric
unit, giving a solvent content of 48%. Systematic absences along all
axes indicated the space group P212121. X-ray diffraction data were
collected at room temperature on a MAR Research imaging plate using
EMBL synchrotron beamline X31 (DESY, Hamburg) and processed
with DENZO and SCALEPACK [22]. Data statistics are given in
Table 3. The diffraction pattern of these crystals displayed pseudo
absences of odd layers perpendicular to the c axis. The native Patter-
son map contained a strong peak (0.35 of the origin peak) at approxi-
mately 1/2, 1/2, 0, indicating pseudo C-centering of the primitive lattice.
Structure determination and refinement
The structure was solved by molecular replacement using the structure
of the glutaminase domain of PURF [10] (PDB code 1GPH) as a
search model. The level of sequence identity between glutaminase
domains of GLMS and PURF is 26%. The search model included all
atoms of the first 224 amino acids with their B factors left unaltered.
The cross-rotation function with the integration radius of 18 Å and the
translation function were calculated in the resolution range 10–3 Å
using AMoRe [23]. The highest peak of the rotation function was 18.6σ
(compared with the second peak of 14.6σ) and indicated a clear solu-
tion which appeared later to be correct. The translation function,
however, gave no solution as it contained many peaks of a similar
height characterized by similar correlation coefficients. At this point we
realised that the space group could be P21212 rather than P212121
and that the systematic absences along the 70 Å axis (all intensities
less than 3σ) were due to the exact half unit cell translational compo-
nent of the pseudocentering vector which gave a strong peak at (0.5,
0.473, 0.0) in the native Patterson map. The translation search in
space group P21212 gave a unique solution with the correlation coeffi-
cient (C=Σ(Fo–<Fo>)(Fc–<Fc>)/(Σ(Fo–<Fo>)2Σ(Fc–<Fc>)2)1/2) of
0.210 and the R factor (R=Σ||Fo|–|Fc||/Σ|Fo|) of 0.629, whereas other
solutions had correlation coefficients not higher than 0.182. The solu-
tion was fixed and the search was performed for the position of the
second molecule in the same orientation. This yielded two equal solu-
tions (C=0.427, R=0.561) related by the vector (0.0, 0.053, 0.0), i.e.
by the vector between two pseudocentering peaks in the native Patter-
son map. Both solutions were acceptable from packing considerations
and were subjected to refinement in the resolution range 10–1.95 Å
using PROLSQ [24]. The R factor dropped from 0.624 to 0.387 and
the R free from 0.623 to 0.531 in both cases. No further progress in
refinement of these solutions was achieved.
All attempts to find heavy-atom derivatives were unsuccessful. Soaking
of crystals in a variety of compounds produced uninterpretable
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difference Patterson maps. During this screening one crystal was found
to be monoclinic, in the space group P21 with cell dimensions
a=53.5 Å, b=87.3 Å, c=56.6 Å, b=98.9°, and two molecules in the
asymmetric unit related by a twofold axis (crystal form II). This crystal
form could be thought of as a variation of the orthorhombic form (I) with
the same packing of the molecules but without pseudocentering.
Further calculations were carried out for the monoclinic form using data
collected to 2.4 Å resolution. Difficulties in obtaining a molecular
replacement solution using the PURF model prompted us to use the
GLMS model preliminary refined in P21212. The rotation function calcu-
lated at 10–2.4 Å with the integration radius of 25 Å produced two
strong peaks (20.0σ and 16.1σ) with no other peaks above 10σ. The
translation search gave a unique solution with C=0.456 and R=0.519.
With this solution fixed, the position of the second molecule was found
which gave C=0.578 and R=0.465. The model was refined with strict
NCS restraints at 23–2.4 Å using the maximum likelihood approach as
implemented in REFMAC [25]. 3% of the data (581 reflections) was
used for R-free calculation. The phases were then improved by NCS
averaging, solvent flattening, histogram matching and reflection omitting
implemented in the CCP4 program DM [26]. This allowed tracing the
chain where it deviated from that of the PURF model. Manual correc-
tions of the model were performed using O [27]. The model was refined
to the R factor of 0.202 and R free of 0.271.
To refine the native structure at high resolution and to solve the struc-
tures of the enzyme–inhibitor complexes, this model was used as a
search model for molecular replacement in P21212. The rotation func-
tion calculated at 10–3.0 Å with the integration radius of 25 Å had the
highest peak of 36σ with no other peaks above 18σ. The translation
function produced only one peak (C=0.582, R=0.487) indicating no
solution for the second molecule. With one molecule fixed, two possi-
ble solutions (C=0.720, R=0.427) for the second molecule were
found. Both solutions could not be refined further. The molecular
replacement search was also performed in all primitive orthorhombic
space groups but did not give an improved result. The search was then
performed to check if the symmetry of the crystal was lower than
orthorhombic. It was found that in the space group P21 with the twofold
axis along the 82 Å cell edge, four crystallographically independent
molecules could be placed with C=0.830 and R=0.343. This solution
was unique and refinement in P21 proceeded smoothly. Comparison of
the results of molecular replacement in space groups P21 and P21212
showed that positions of three molecules coincided whereas the fourth
was displaced by 0.053 (4.3 Å) from the orthorhombic symmetry. The
four molecules, denoted A, B, C and D, are related by the pseudocen-
tering vector (A to D and B to C) and by an ‘orthorhombic’ twofold axis
along the c edge (A to C or B to D). The crystal lattice can be
described as consisting of two orthorhombic sublattices shifted by
0.027 (2.2 Å) along a common ‘monoclinic’ twofold axis.
The X-ray data were reprocessed in the space group P21. As the data
had been collected for the orthorhombic space group (90° rotation of
the crystal), the completeness of the monoclinic data was only 86%.
Given the low R merge when processed in P21212, intensities missing
in P21 were derived from the equivalent reflections applying the
orthorhombic symmetry. This improved the electron-density map signifi-
cantly. 910 reflections (1% of the data) were selected for R-free calcu-
lations and their NCS mates were removed from the refinement set.
The refinement was performed in the range 10–1.8 Å without NCS
restraints using PROLSQ. Water molecules were added to the model
at an (Fo–Fc) electron density higher than 3.5σ provided there was at
least one hydrogen bonding partner within 3.5 Å. Water occupancies
were set to 1.0 and were not refined.
The complex with a competitive inhibitor Glu-hydroxamate was
obtained by soaking a native crystal in the 50 mM Glu-hydroxamate
solution. The inhibitor binding was identified by the difference Fourier
technique and the structure was refined using the model of the gluta-
mate complex. The refinement statistics are given in Table 1.
Accession numbers
Atomic coordinates and structure factors have been deposited with the
Brookhaven Protein Data Bank [28] as entries 1GDO for the glutamate
complex and 1GMS for the Glu-hydroxamate complex.
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